with decreasing stellar ages is thus extended to stellar ages as young as 10 years.
I. Introduction
We report here X-ray observations of another nearby star forming region, the Chamaeleon I cloud. In many ways it is well-suited for study: it can be covered more completely than the Taurus-Auriga complex, suffers less obscuration than the p Ophiuchi cloud, and is closer than the Orion nebula.
of 44 Ha emitting stars, 7 non-emission line stars with variable star Its previously known stellar population consists designations, 2 B9.5 stars, a few additional 2p infrared so-urces, and possibly additional IRAS stellar sources (Schwartz 1977; Hyland et al. 1982 ; Schwartz and Henize 1983; Baud et al. 1984; Jones et al. 1985; Whittet et al. 1987) . Seven of these stars illuminate reflection nebulae and three have ejected Herbig-Haro objects. Radio studies of OH and H CO lines reveal a 'dwarf molecular cloud' with M 700 -1000 Mo, possibly connected to Gould's Belt .
gas
We find 22 well-resolved X-ray sources, most associated with previously identified PMS stars but a few probably new cloud members. Section I1 describes the X-ray observations and optical spectroscopy of some candidate stellar counterparts. Section I11 discusses the stellar identifications. Section IV examines the statistical relations between X-ray and optical properties, including the X-ray luminosity function of PMS stars. The findings are summarized in Section V. An.Appendix provides detailed information on the X-ray emitting stars. We note that the distance to the Chamaeleon cloud has been the subject of considerable debate, with estimates ranging from 115 to 215 pc, due to difficulties in obtaining a consistent extinction law for the cloud. We adopt a value of 140 pc, based on the study of reddening of background stars around the cloud by Whittet et al. (1987) .
Observations and Analysis (a) X-ray Observations
The Chamaeleon I cloud was observed with the Imaging Propotional Counter (IPC) on board the Einstein X-ray Observatory (HEAO-2 satellite) for a total of 2.5 hours on 23-24 January 1981, about 3 months before the Observatory ceased operations. The instrument is described by Giacconi et al. (1979) . field of view is about lo, three overlapping IPC exposures were obtained. They are described in Table 1. 17) and constant during the observations. the three fields is shown in Figure 1 .
The exposure of the central field, 110349, was subject to an unusual The cause is not known, but may Since the cloud is about 2' in extent and the IPC The IPC gain-was high (ALP -A composite contour map of failure of the satellite aspect system. be related to errors in Skymap guidance star positions in the extreme southern sky. The satellite pointing was set by maintaining constant gyroscope readings rather than constant guide star positions in the star trackers. It was thus subject to tidally induced pointing drifts during the observations, and absolute celestial coordinates were not internally determined.
(e.g., sources do not appear smeared).
was obtained using six X-ray sources seen in the overlapping 10350 image to the south.
have added linearly to other sources of positional errors.
X-ray sources were found by passing a 2.4'x2.4' cell across each Fortunately, the quality of the image seems to be good Absolute alignment of the image We estimate this alignment is accurate to 0.3', which we IPC field in three pulse height channel bands, and noting where the counts exceeded a specified threshold. Thresholds were set at a fixed level in Rev. 0 processing, and at variable levels to account for vignetting and obscuration by the window support structures in Rev. 1B processing. The Rev. 1B source detection algorithms located 21 distinct sources after eliminating two sources with S/N 5 3.0, which are listed by 'CHX' (Chamaeleon X-ray source) number in order of increasing right ascension in Table 2 . One additional source (CHX 13) found in Rev. 0 processing that did not exceed the Rev. 1B thresholds is included. CHX 4 , 7, 10, 12, 14 and 22 were independently found in overlapping fields; in these cases the data from the central 10349 field is given on a second line. The fourth column of Table 2 gives the estimated 90% error circle radius for each source, including both statistical and systematic uncertainties.
may be systematically displaced due to proximity of the window support structures.
The Notes to the Table give cases where the centroids The next three columns give the counts after background subtraction in the 2.4' cell centered on the centroid position, the local background determined from the MDETECT algorithm, and the maximum signal-to-noise ratio found in Rev. 1B processing. S/N = 3.0 are merely statistical fluctuations in the background is not negligible.
0.2-4 keV band in units of
It is calculated from the count rate corrected for telescope scattering and vignetting, and
The probability that sources with
The eigth column in Table 2 gives the X-ray flux in the erg s -' cm-2.
assuming a conversion of 1 IPC count s -'
This corresponds to a thermal X-ray spectrum with kT -1 keV with foreground column density NH -3 x lo2' cm-2.
than those seen in main sequence stars, is consistent with those measSuch X-ray spectra, harder ured in several Taurus-Auriga PMS stars (Walter and Kuhi 1984) and with our measured hardness ratios. Assuming a cloud distance of 140 pc, 1.0 x -1 ergs s-l cm-* corresponds to 2.4 x lo2' ergs s .
We now consider properties of the X-ray sources beyond their location and strength. Although the sources were generally too faint to perform quantitative analysis of any possible structure, several sources in the cloud appear possibly multiple or extended. CHX 9, 11, 15 and 16
show both elongated contours and broadened radial profiles , while CHX 19 appears slightly elongated on the contour map alone.
in the Notes to Table 2. the absence of definite quantitative tests.
Details are given
This result must be considered tentative given
The X-ray sources are also too faint to make reliable least squares fits to their spectra. However, the hardness ratio defined by We conclude that variability on a timescale of (b) CTIO Observations Table 1 .
the X-ray source, and the circle is at the 90% confidence radius.
of the X-ray sources correspond to well-studied emission line PMS stars.
The fields of nine of the brightest X-ray sources without well-studied counterparts were searched spectroscopically with the 4m telescope at the Cerro Tololo Interamerical Observatory on the night of 11 December 1981.
the observations. Grating #400, 158 lines/mm blazed at 8000 A , gave spectral coverage from 4000 to 7000 A and a spectral resolution of -12 A with a 300p (-2 arc sec) slit. The observations were performed during the moonlit portion of a night devoted primarily to the identification of faint, X-ray selected quasars.
flux standards throughout the night.
The cross hair is positioned at the best fit location of
Many
The RC Spectrograph and the W SIT Vidicon detector were used for Four white dwarfs were observed as
The long slit spectra were rectified using the twodspec package withing the Interactive Reduction and Analysis Facility (IRAF) on a VAX 11/750 at The Johns Hopkins University. The stellar spectra were then extracted and sky subtracted from the rectified images using the sumext r a c t routine. Variance weighting was used to give the optical signal to noise ratio in the extracted spectra. Flux calibration was then done in the onedspec package. The sky was clear and the seeing was good;
the four white dwarf standards yielded a sensitivity function with a root mean square (RMS) scatter of less than 10% in each calibrated bandpass from 4000 to 7000 A.
spectra is shown in Figure 3 . The flux scales for the stars associated with CHX 12 should be considered as relative flux only since these two stars were barely resolved along the slit during a single integration.
The extractions of these two spectra were optimized to give the best separation between the spectra rather than preserving the absolute flux level.
A montage of all the flux-calibrated
Spectral types for each of the observed stars were determined by visual comparison with the spectral catalogue of.Prichet and van den Bergh (1977) . 'We estimate our spectral types to be accurate to within one spectral sub-class (1 sigma) except for G stars which we feel are uncertain to 2 spectral sub-classes.
determined by multiplying the spectra with the bandpasses as given by . The R, B,
-2 *-1 luminosity class V, we estimated the color excess E(B-V).
Errors in E(B-V) are assumed to be the sum in quadrature of the error in color and the uncertainty in B-V corresponding to the error in spectral type.
Each stellar spectrum was searched for Ha emission or absorption.
Emission and absorption line fluxes and equivalent widths were determined by visually setting continuum points to either side of the feature and integrating between these points. An estimate of the error was made by measuring the rms of the continuum to either side of Ha.
Ha features are unresolved, the la error in the equivalent width is approximately the resolution of 12 A divided by the signal to noise ratio of the continuum.
through to the error in the line flux.
are listed in Table 3 .
Since the This error in equivalent width was propagated All these measured quantities
Stellar Counterparts to the X-ray Sources
The likely stellar counterpart(s) for each X-ray source was located by inspection of the finding charts, and by use of the SIMBAD Bibliographic Database at the Stellar Data Center in Strasbourg (Heck and Warren 1986) .
within each IPC error circle, sible counterpart, including both previously published data and our spectra discussed in the section above, are presented in the Appendix.
We summarize the results here.
The latter provided all bibliographic references to objects
The detailed characteristics of each posOf the 22 CHX X-ray error circles, 16 contain previously identified PMS stars, 5 contain probable X-ray discovered PMS stars, and one (CHX Five sources (CHX 6, 10, 12, 13, 21) are probable new PMS stars discovered by virtue of their X-ray emission.
contains an unreddened V -13 K7 star and a reddened V = 14 MO star, neither of which have emission lines. CHX 10 and 21 each contain a V = 13 K7 star; the fainter F3 star in the CHX 21 error circle is undoubtably a background star.
The error circle of CHX 6
The CHX 10 star is superposed on the densest part of the molecular cloud .
reddened MO star with a weak Ha line.
was previously reported as a probable cloud member due to an infrared excess. We find it is a visual binary with a reddened weak-Ha G star and a less reddened K star.
binarity, and we suspect both stars are probable cloud members. It is not clear which is the X-ray emitter.
CHX 13 is a highly CHX 12 is a confusing case. It
The infrared excess is probably due to the The one source, CHX 5, that has no obvious stellar counterpart, either on the finding chart or in earlier catalogs of cloud members, is
probably not a real X-ray source at all. It lies near the edge of field 10350 and just barely triggered the MDETECT source detection algorithm, which can be inaccurate at field edges.
Finally we mention two other types of PMS objects in the cloud. The The two ZAMS however, there is no indication of X-rays from the hot star by the ambiguity of stellar counterparts discussed in Section 111.
Second, the X-ray luminosity function for the Ha sample is calculated.
Since both detections and upper limits are present, 'survival analysis' statistical methods appropiate for 'censored data' must be used. These have been developed by statisticians, and are described by A m i et al.
(1980), Schmitt (1985) , Feigelson and Nelson (1985) , and Isobe, Feigelson and Nelson (1986) . Third, correlations between X-ray emission and various optical properties of the stars can be sought using bivariate survival analysis methods.
This is complicated
We consider two statistical samples: the sample of X-ray selected PMS stars defined in Table 2 , and a sample of optically (i.e. Ha emission) selected stars that were observed, though not necessarily detected, in the IPC images.
cated by the ambiguity of stellar counterparts discussed in Section 111.
Constructing the latter sample is compli-
We start with the sample of 45 Ha emission-line stars in the CHX 9 and Sz 32 near CHX 16). We chose to consider these nine stars to be 'Unobserved'. This omission will bias downwards the inferred X-ray luminosity function, as some of them undoubtably are X-ray emitters, but will avoid erroneous conclusions resulting from incorrect assignments of these are considered unobserved.
X-ray emissivity. Finally, we exclude one additional star with proper motion inconsistent with cloud membership (Sz 27; see Whittet et al. 1987 ). 'The sample of Ha stars for which reliable X-ray observations exist now consists of 27 stars, of which 9 are detected. These are listed in Table 4 . For the detected stars, luminosities are calculated from the fluxes in Table 2 assuming a cloud distance of 140 pc. When detections in overlapping fields are present, the average flux is used.
For the 18 undetected stars, upper limits are derived from the appropriate IPC field's on-axis sensitivity limit with an off-axis vignetting correction.
For the second stage, the integral X-ray luminosity function for optically-selected Chamaeleon stars and its variance is calculated using the Kaplan-Meier product-limit estimator, which is the unique maximumlikelihood estimator of the underlying luminosity distribution (Feigelson and Nelson 1985) . Figure 6 shows the result. We also show the luminosity function of X-ray selected Chamaeleon stars, which is a sim- Here, we restrict the analysis to the optically-selected sample in Table   4 to avoid ambiguities in the source identifications. The existence of a correlation was tested using Cox regression, a test commonly used in biostatistics (Isobe, Feigelson and Nelson 1986) . The following covariates were examined: red magnitudes, Ha and Ca I1 emission line inten- The results of these correlations proved to be very clear.
relation between log L and any spectral characteristic --spectral type, color index, or emission line strength --was found. The Cox probabilities that the variables are uncorrelated were all found to exceed 15%. However, X-ray luminosity was consistently found to be correlated with optical magnitudes.
0.05% significance levels for the V and R band magnitudes, depending on which optical data set was used. Table 4 and Figure 7 present the data using the most complete optical data set (Schwartz 1977) .
shows the significant correlation between between X-ray and optical brightness, and the uncorrelated scatter plot between X-ray and Ha brightness. We note that an anti-correlation between L and Ha intensity was reported by Walter and Kuhi (1981) in T Tauri stars, and was interpreted as a 'smothering' of X-rays from the stellar surface by the circumstellar envelope. We do not find this anti-correlation in it is neither produced by nor absorbed in the Ha or infrared
We further confirm that PMS X-ray spectra
The finding with perhaps the broadest implications is the first construction of PMS X-ray luminosity functions (Figure 6 ). Though there are some ambiguities regarding precisely how many independent X-ray sources are present and which star is responsible for each, there is comfort in the fact that the luminosity functions for both X-ray-and old. We then add the mean X-ray luminosities of Micela et al. (1988) , assuming the age of the Pleiades is -5 x 10 years, the Hyades is -6 x lo8, young disk stars is -2 x 10 10" years. The result is a Skumanich-type relation where <log L > = -0.6 to -0.7 log t. The relation would apply to stars between lo6 and 10" years old, and is normalized at Clog L > = 29.5 and log t -9.0.
We consider this a speculative but interesting implication of the Chamaeleon data.
The effect can crudely be modeled by a it produced an extraordinarily luminous and blue (AB = 1.6) extra component which varied with a strict 6.1 day periodicity. a rotationally modulated 'starspot', though it is not clear whether it was due to magnetic activity or accretion. [Grasdalen et al. 1975; Appenzeller 1977; Mundt and Bastian 1980; Appenzeller et al. 1983; Schaeffer 1983; Whittet et al. 19871 Its spectral type is variously reported Most times it shows small amplitude irregular variabilHowever, for several years in the early 1970's It probably was CHX 2. SZ Cha = S 6323 = Glass V -T6 -IRAS 10570-7701. This is a PMS star discovered by virtue of its optical variability rather than its Ha emission line.
with V typically seen between 11.7 and 12.9.
Ha emission, E.W. -7 A on one occasion, .Ca I1 H and K emission cores, It is a KO star lying -2 magnitudes above the ZAMS It sometimes exhibits weak and a moderate infrared excess. Broad-band colors vary considerably, with 1.0 < B-V < 1.5 and 0.4 < U-B < 1.1. [Grasdalen et al. 1975; Glass 1979; Rydgren 1980; Whittet et al. 19871 CHX 3. L W a 332-20 HRC 244 HM 4 SZ 6 T 8 I U S 10578-7645. One of the visually brightest stars in the cloud with V = 11.3, spectral type G8-K2, weak emission lines and little photometric variability. It is a moderately rapid rotator, with spectroscopically measured v sin(i) = 35 2 5 km s -' and photometrically measured P [Henize and Mendoza 1973; Rydgren 1980; Appenzeller et al. 1983; Bouvier et al. 19861 2.3 days. MO. [Henize and Mendoza 1973; Appenzeller 1977; Rydgren 1980; Appenzeller et al. 19831 The spectral type is variously classified as K2, K5 and CHX 6 . Neither of the two V = 12-13 stars in this error circle are previously catalogued.
an unreddened KO star, both without emission lines.
higher resolution spectroscopy will show high lithium and/or Ca I1 emission cores in one of these stars. [This paper, Table 31 Our CTIO spectra show a heavily reddened MO and
We predict that CHX 7. Glass F = star exciting reflection nebula Ced 110 -T 21 -IRAS 11048-7606. This is a GO-G5 star with no emission lines. The absorption features appear 'diffuse or veiled' (Rydgren 1980 and our Figure 3 ), caused perhaps by rapid rotation. It is the most luminous star in the cloud in X-rays, and one of the brightest optically as well. [Glass 1979; Rydgren 1980; Schwartz and Henize 1986 ; this paper, Table   31 CHX 8. UX Cha = S6337 = T22. Like CHX 2, this is a star identified by its optical variability but with no emission lines. faint (15.2 < V < 16.2) and red (B-V = 2.0), suggesting it is an M star.
No spectrum is available. [Grasdalen et al. 1975; Rydgren 19801 It is rather [ Henize and Mendoza 1973; Grasdalen et al. 1975; Rydgren 1980; Bastien 1985; Bouvier et al. 19861 CHX 10. No previously catalogued star appears in this X-ray error circle. Our spectra of the most prominent candidate shows a probable new cloud member. It is a reddened V -13.5 K7 star with no emission lines. [This paper, Table 31 CHX 11. VW Cha = HM 17 = S 6343 = Sz 24 -T 31. A highly variable T Tauri star (14.5 < V < 12.5), with strong Balmer lines, strong helium lines, and both P Cygni and inverse-P Cygni line profiles. Photometrically it has both a strong ultraviolet and infrared excess, and possible polarization variability. The spectral type is tentatively reported to be G1. [Henize and Mendoza 1973; Appenzeller 1977; Rydgren 1980 for the X-ray emission. [Glass 1979; Whittet et al. 1987 ; this paper, Table 31 However, it shows a CHX 13. A previously unidentified location, our spectra of two It is a stars in the IPC error circle reveal a likely cloud member.
highly reddened V * 15.7 MO star with a weak Ha line. Table 31 [This paper, No detailed properties are known. [Schwartz 1977; Hyland et al. 19821 CHX 15. WY Cha = HM 26 = S 6351 -Sz 36 = T 46 -IRAS 11085-7613.
A T Tauri star with moderate intensity Balmer lines, strong lithium absorption and an infrared excess. Its spectral type is reported to be KO: and K7. [Henize and Mendoza 1973; Glass 1979; Rydgren 19801 Sz 33 -T 43 = C 1-17. A second star in the X-ray error circle, this was reported to be a V = 15 emission line star with weak Ha and no infrared excess. It was missed in early epoch surveys. Our spectrum shows it to be a V 9 14.0 M1 star with weak Ha lying very far above the ZAMS. [Schwartz 1977; Jones et al. 1985 ; this paper, Table   31 CHX 16. WW Cha -HM 24 -S 6348 -Sz 34 -T 44 9 C 1-7. A highly variable (16.3 < V < 13.5) T Tauri star with moderate to weak Ha, a veiled spectrum and strong infrared excess.
tain due to the veiling, but is estimated to be G -K5. [Henize and Mendoza 1973; Glass 1979; Rydgren 19801 The spectral type is uncer-C M 17. WX Cha 9 HM 25 9 S 6349 9 Sz 35 -T 45 9 C 8-3 9 I U S 11085-7720. and K7-MO spectral type. [Henize and Mendoza 1973; Schwartz 1977; Rydgren 19801 A V = 14 T Tauri star with moderate to strong Ha emission CHX 18. XX Cha 9 HM 29 9 Sz 39 9 T 49 -IRAS 11101-7603. A rela--tively faint MO T Tauri star with high photometric variability (16.4 < V < 13.4), strong and variable Balmer lines, inverse P Cygni profiles, strong ultraviolet and infrared excesses. [Henize and Mendoza 1973; Grasdalen et al. 1975; Appenzeller 1979; Rydgren 19801 CHX 19. LkHa 332-21 9 HRC 247 -HM 30 9 Sz 42 -T 52 -E 2-4 -IRAS 11108-7627. A very bright and photometrically constant (V = 10.9) T Tauri star with spectral type G8, strong and probably variable Balmer lines, Ca I1 emission lines, strong lithium absorption, and infrared excess. [Henize and Mendoza 1973; Schwartz 1977; Glass 1979; Rydgren 19801 HM 31 -Sz 43 -T 53. A second T Tauri star in the X-ray error circle, fainter (V = 14-15) and variable with moderate or strong Ha emission. Its spectral type is estimated to be G. [Henize and Mendoza 1973; Rydgren 19801 CHX 20. Sz 41 = T 51 -E 1-9a -IRAS 11108-7520. A bright (R = 11) star with very weak Ha emission, originally discovered by virtue of its Ca I1 H and K emission cores. Our spectrum shows it is an unreddened K3 star with V 9 11.7. [Schwartz 1977; this paper, [ Henize and Mendoza 1973; Rydgren 1980; Schwartz and Henize 1983 ; this paper, Table 31 It is photometrically very conThe spectral type is G5 -KO. Notes to .-e a
